Selection of the most energy-efficient modulation scheme is vital for wireless body area networks (WBANs) for improving the network lifetime. In this paper, we investigate the performance of various modulation schemes specified by IEEE 802.15.6 WBAN standard, in terms of energy consumed for successfully transferring one packet from the sensor node to the hub. Assuming a contention-free MAC protocol, we present an analytical model for computing the energy consumption for a given modulation scheme both for uncoded transmission as well as transmission using Bose-Chaudhuri-Hocquengham (BCH) codes; the coding scheme specified by IEEE 802.15.6 for WBAN. The following communication scenarios specific to a WBAN are considered: (i) in-body communication between invasive devices and hub and (ii) on-body communication among non-invasive devices and hub with line-of-sight (LOS) and non-LOS (NLOS) channels. The results show that the use of higher order differential phase shift keying (D8PSK)-based modulation schemes results in significant reduction of total energy consumption. When BCH codes with various code rate specifications are used, total energy consumption remains lower for the higher order modulation schemes. The energy consumption is further reduced when non-coherent frequency shift keying (NC-MFSK) is employed as an alternate modulation scheme instead of differential PSK schemes.
Introduction
Wireless body area networks (WBANs) consist of a number of low-power sensor nodes that are attached to the body surface, implanted inside or around the body, that monitor vital physiological parameters and transmit the data to a central device known as hub. The hub in turn transfers the gathered data to a centralized repository through suitable access networks [1] . Broadly, WBANs can be classified as in-body (implantable) and on-body (wearable) systems. While the former allows RF communication between invasive devices and hub, the latter supports RF communication among non-invasive devices and hub.
One of the key challenges in WBAN research is the design of energy-efficient communication protocols for improving the network lifetime. Another critical aspect of WBANs is the reliability, which is highly application dependent [2] . For example, medical applications that involve real-time collection of patient's vital physiological information require almost 100 % reliability [3] . It has been reported that the wireless link between the sensor and the hub experiences severe attenuation of the order of 50 to 100 dB. Further, WBANs experience deep fading effects that can last much longer (10-300 ms) than that experienced in cellular networks and severe shadowing effects that can result in very high outage probability [4] . At the same time, to reduce the heating of human body tissues and interference to other biosensor devices operating in the same frequency band, there is a limit on maximum transmit power that can be used in such devices [3] . For instance, in the case of in-body communication that occurs in the medical implantable communication service (MICS) band of 402-405 MHz, the effective isotropic radiated power (EIRP) is specified to be 25 microW (−16 dBm).
The IEEE 802.15 Task Group 6 has recently approved the PHY and MAC specifications for WBANs [5] . It defines a MAC layer in support of three PHY layers: narrow band (NB), ultrawide band (UWB), and human body communications (HBC). The selection of each PHY depends on the application requirements. The standard specifies the use of Bose-Chaudhuri-Hocquengham (BCH) code (n = 63, k = 51, t = 2) for data transmission in the NB PHY. The physical layer protocol data unit (PPDU) of NB PHY contains physical layer convergence protocol (PLCP) preamble, PLCP header, and a PHY service data unit (PSDU) as shown in Fig. 1 . The PSDU consists of MAC header, MAC frame body, and frame check sequence (FCS). The PSDU is encoded using binary BCH code and spread/interleaved before transmission. Table 1 shows the details of the frequency bands specified by IEEE 802.15.6 and the modulation schemes applicable for these seven frequency bands [5] . In this paper, we consider in-body communication in the frequency band 402-405 MHz and on-body communication that takes place in the 2.360-2.400-GHz and 2.400-2.483-GHz bands. Table 2 shows the data rate-dependent modulation and channel coding parameters for PLCP header and PSDU in these frequency bands [5] .
The focus of this paper is on the energy consumption analysis of various modulation schemes corresponding to the NB PHY as specified in the IEEE 802.15.6 standard. The motivation behind M-ary PSK is to increase the bandwidth efficiency by a factor log 2 M, where M is the constellation size. Further, the use of differential modulation schemes avoids the need for coherent carrier reference at the receiver. This results in simpler systems suitable for WBANs. The IEEE 802.15.6 standard specifies the following digital modulation schemes for the NB PHY: differential binary phase shift keying (DBPSK), differential quadrature phase shift keying (DQPSK), differential 8 phase-shift keying (D8PSK), and Gaussian minimum shift keying (GMSK). From Table 1 , it is clear that, out of the seven frequency bands allowed for WBAN services, GMSK modulation is specified in only one frquency band, i.e., 420-450-MHz band. The 420-450-MHz band is applicable for WBAN NB PHY layer services in Japan, whereas the two frequency bands that we consider in this paper are applicable for WBAN services worldwide. Further, even though GMSK improves the spectral efficiency, it requires higher power level than QPSK in order to transmit reliably the same amount of data [6] . Accordingly, in this paper, we focus on energy consumption analysis of the differential PSK modulation schemes and do not focus on GMSK. At the transmitter, differential encoding of the input binary bits is followed by phase shift keying. The differential encoded information is carried in the phase transitions between symbols. The constellation mapping details for the various differential modulation schemes are given in Tables 3, 4 , and 5 [5] .
Selection of the most energy efficient modulation scheme is important in the design of energy constrained WBAN to improve the lifetime of nodes. We also investigate the energy consumption performance of noncoherent M-ary frequency shift keying (NC-MFSK) in WBAN. We consider NC-MFSK, as an alternate modulation scheme due to the following advantages it offers [7] : (i) it is power efficient which results in lower transmission energy requirement for a given BER performance, (ii) it is non-coherent which avoids the need for carrier synchronization, (iii) it reduces the start-up time using direct modulation approach which avoids the need for mixer and digital to analog converter. The above advantages are achieved at the expense of increased bandwidth requirement. However, for low data rate applications and when energy constraint is more important than bandwidth constraint, NC-MFSK modulation scheme with lower order constellation (lower M) is an attractive option. Several papers have appeared in the literature that deal with energy efficiency and reliability issues in WBANs [8] [9] [10] [11] [12] [13] [14] [15] . In [8] , the author considers optimal power allocation to improve the energy efficiency of WBANs with constraints on outage probability. In [9] , outage performance and energy efficiency of direct transmission and single and multi-relay cooperation schemes are analysed in the context of WBANs. Energy efficiency as well as optimal packet size are analysed in [10] for cooperative WBANs based on a realistic channel model. The energy efficiency of IEEE 802.15.6-compliant WBAN has been analysed in [11] for the scheduled access mode. In [12] , Arrobo and Gitlin propose cooperative network coding to improve reliability of WBANs. Oh et al. [13] propose a new type of phase shift keying modulation scheme, namely phase silence shift keying (PSSK), for high data rate implantable medical devices and show that the bit error rate (BER) of an 8-PSSK is lower than that of various sinusoidal carrierbased modulation schemes. In [14] , Elias investigates the optimal design of wireless body area networks by studying the joint data routing and relay positioning problem, in order to increase the network lifetime. In [15] , Zhou et al. address energy-efficient resource allocation in WBANs.
Different from all the above, the focus of the present paper is on the evaluation of energy consumption corresponding to various modulation schemes specified by IEEE 802.15.6 for the NB PHY layer operation, taking into account both in-body and on-body channel models.
The major contributions of our paper are as follows: We investigate the performance of different modulation schemes for IEEE 802.15.6-complaint WBAN. We evaluate the performance of the modulation schemes in terms of total energy consumed per sensor node for successfully delivering a packet to the hub. We also evaluate the impact of code rate on the total energy consumption. We present analytical models to quantify the energy consumed per successful packet transmission. The rest of the paper is organized as follows. Section 2 describes the energy consumption analysis. Section 3 describes the results and discussions. Finally, Section 4 concludes the paper.
Energy consumption analysis
In this section, we present the energy consumption analysis of various modulation schemes in WBAN. We assume a WBAN with star topology in which data packets are transferred directly between the sensor node and the hub. At the MAC layer, we assume a contention-free MAC scheme such as scheduled up link/down link access Table 3 Constellation mapping for DBPSK [5] b(n) φ 0 0 1 π mechanism [5] . For the energy consumption analysis, we consider the energy consumption model that takes into account the transmit energy, the start-up energy, and the receive energy [16] . In order to minimize the energy consumption, the sensor node in WBAN normally stays in the sleep state by turning off sub-systems like crystal oscillator when not required and wakes up for transmitting the data. The node consumes transient energy to wake up from sleep state to reach the active state. The total energy consumption consists of following components: (i) energy required for the sensor node to wake up from the sleep state; (ii) energy required to transmit the data; (iii) energy consumed during the data reception; and (iv) energy cost for decoding the data. Accordingly, one of the most important goals in the design of WBANs is to achieve minimum energy communication. The development of a physical layer-specific energy consumption model would be a crucial step towards the design of energy-efficient physical layer for WBANs. We assume that a data packet of length L bits is to be transmitted to the hub. The data packet is divided into L k blocks each of length k bits. The battery is currently the largest component of the implantable medical device. The limited capacity of the batteries used by the sensor nodes restricts the lifetime of the node. At the same time, battery replacement is not always feasible since it may jeopardize the patient's health. In the case of sensor nodes implanted inside the human body, replacement of battery would require surgical procedures. Recently, significance advancements have been made in the areas of wireless charging and energy harvesting to power implanted medical devices. Energy harvesting has proven to be an effective alternative to pure battery power in medical implant applications given the ability to produce power from nano-watts to several milli-watts, which is in the power consumption range of the most common implantable medical devices today. Different types of energy can be harvested from a variety of sources. For example, solar energy can be collected from the environment. Kinetic energy can be derived from the motion Table 4 Constellation mapping for DQPSK [5] 
of human activities, such as running or walking. The body can provide thermal energy. Several experimental demonstrations have been reported on energy harvesting strategies specific to human body based on thermoelectric and piezoelectric methods. However, these methods are anatomically specific, since energy harvesting works only in very specific parts of the body. In wireless charging, an electromagnetic field is created between two copper coils that are tuned to resonate at the same frequency, which then allows electricity to be transferred; these waves are in the near-field frequency spectrum. Near-field waves decay quickly and cannot penetrate deep into the body while far-field waves are not suitable for biological tissue applications as they either reflect off the body or are absorbed as heat. Recently, researchers at Stanford University have discovered an "in-between" technology that they call midfield wireless transfer, which can safely penetrate the body without interacting with biological tissue. The mid-field charging technology still needs to be tested in humans and receive safety and efficacy approval, so it could be several years before its adoption in commercial medical devices [17] .
Channel model
In this section, we describe the channel model employed for our analysis. We consider two distinct communication scenarios: (i) in-body communication between implant sensor nodes (sensor nodes could be placed inside the human body immediately below the skin or deeper inside the body) and the hub; (ii) on-body communication between non-invasive sensor nodes and the hub. The non-invasive sensor node can have either LOS or NLOS communication with the hub. The human body has a complex structure which consists of tissues, muscles, and bones having different dielectric constants, thickness, and characteristic impedance. Since physical measurements and experimental studies inside the human body are extremely difficult, comprehensive characterization of in-body communication channel is tedious as compared to the on-body channel. In [18] [19] [20] , authors develop a path loss model for in-body communication involving four near surface and two deep tissue implant application in male human body in the MICS frequency band. They report that traditional distance-dependent path loss model is applicable with deviation in dB caused by different materials such as the bone, muscle in the propagation path. The path loss models obtained in these studies have been adopted by the IEEE802.15 task group TG6 on body area networks in [21] . We have followed the same model for evaluating the performance of in-body communication in our paper. In [22] , measurement results have been reported for the body surface to body surface CM3 (scenarios S4 and S5) channel model in the 2.4-GHz ISM band. The measurements have been done in a hospital room environment and an anechoic chamber. The following locations on the human body were considered (A -left wrist, B -left upper arm, C -left ear, D -head, E -shoulder, F -chest, G -right rib, H -left waist, I -thigh, J -ankle). Through extensive measurements, the authors have established that the propagation model obeys the traditional distance-dependent model with appropriate parameters and lognormal shadow fading to represent the deviation. The path loss models obtained in this study have been adopted by the IEEE802.15 task group TG6 on body area networks in [21] . We have followed the same model for evaluating the performance of on-body communication (both LOS as well as NLOS) in our paper. The fading observed in on-body communication channels is typically the result of body shadowing and small-scale fading generated by the human body. Most of the empirical studies have reported that, since there are only a small number of multi-path components from the diffraction around the body, the small-scale fading effect is less severe with insignificant intersymbol interference from multipath [2] . Accordingly, we do not consider the fast fading component for our analysis and rely on a combined path loss and lognormal fading model. The path loss models for in-body communication at 402-405 MHz and on-body LOS and NLOS communication at 2.4 GHz are given by [21, 23, 24] as
Here, d is the distance between transmitter and receiver; d o is the reference distance; L o is the path loss at reference distance d o ; α represents the path loss exponent; and X σ is a zero mean Gaussian random variable with standard deviation σ that represents the shadowing. The gain factor for the path loss model can be expressed as
where, P t is the transmit power and P r the received signal power given by P r (dB)
The channel parameters for in-body and on-body propagation models taken from [21, 23, 24] respectively are listed in Table 6 . The signal-to-noise ratio (SNR) at the receiver is expressed as
where P n is the additive white Gaussian noise power and the SNR can be written as
Energy consumption analysis: uncoded transmission
We assume that a data packet of length L bits is to be transmitted to the hub. In uncoded transmission, data bits are transmitted through the channel without any additional error control overheads. During transmission, PSDU is pre-appended with a physical layer convergence protocol (PLCP) header and a PLCP preamble to create the PPDU. If Md denotes the modulation scheme i.e., Md ∈ {BPSK, DBPSK, DQPSK, D8PSK} with corresponding values for constellation size M ∈ {2, 2, 4, 8} respectively, the time duration to transmit the PPDU for the uncoded system with constellation size M is given by [21] 
Here, N preamble and N PLCPhdr denotes the bits in preamble and header of PPDU structure of the narrow band shown in Fig. 2 . Quantities S PLCPhdr and S PSDU are the spreading factors given in Table 2 . For the payload delivered from the MAC layer (i.e., the PSDU), the time duration spent in the transmit state depends on the symbol rate, modulation, and coding schemes. Assuming that the data packet is successfully received at the receiver and assuming the time taken for reception to be the same as the transmission time, the total energy consumption per bit for the uncoded system for a desired BER performance and employing a modulation scheme Md can be expressed as
Here, P rf is the required transmit power for the desired level of BER, ζ the power amplifier efficiency given as ζ = η − 1, where is the peak-to-average ratio, and η is the drain efficiency (we take as 1 and η as 0.35 in our analysis [25] ); P TX_Elec and P RX_Elec respectively represents the circuit power consumption at the transmitter and receiver, P Wup and t Wup are the power consumption and duration for the transceiver to wake up from the sleep state, P Sleep and t Sleep are the respective values in the sleep state, and U represents an uncoded system. The parameters P TX_Elec , P RX_Elec , P Wup , t Wup , and P Sleep are specific to the device and t Sleep depends on the access scheme at the higher layer; t ON depends on coding as well as modulation scheme and P rf depends on desired BER, as well as the coding and modulation schemes. Let the RF transmit energy component be denoted as
Based on the path loss model, the SNR at the receiver can be expressed in terms of transmission energy as
where L d is the gain factor for the path loss model at distance separation of d and P n is the total noise power at the receiver. We consider the BPSK modulation scheme as the baseline and compare the energy consumption of DBPSK, DQPSK, and D8PSK modulation schemes. For this, we define SNR loss as the additional SNR in dB required by DBPSK, DQPSK, and D8PSK modulation schemes to achieve the same target BER performance as that of the BPSK for the different WBAN channel models. Hence, SNR loss (SL) for a given target BER can be expressed as
From (7), for a given target BER, we can express SNR of the differential modulation schemes in terms of SNR of BPSK scheme as γ (U,Md) = SL (U,Md) γ (U,BPSK) . Hence, we can express the energy consumption of uncoded DBPSK, DQPSK and D8PSK modulation schemes with respect to the uncoded BPSK scheme as
Energy consumption analysis: BCH-coded transmission
The IEEE 802.15.6 standard specifies a systematic BCH code (n = 63, k = 51, t = 2) for data transmission in the NB PHY. The data packet of length L bits is divided into blocks of k bits and n − k parity check bits are added by the encoder to form L k n bits and accordingly the transmission time for BCH-coded case can be expressed as
When compared to the uncoded case, the time duration for data packet transmission is increased due to the additional parity check bits. The SNR at the receiver with BCH-coded transmission can be expressed as
Employing BCH codes results in coding gain, which is defined as the additional SNR that would be required for an uncoded system to provide the same level of BER performance as that of the coded system for a given modulation scheme and can be expressed as
Notice that (11) is computed for a given target BER requirement. Considering performance of uncoded system as the baseline, we evaluate coding gains at three different BER values: 10 −3 , 10 −4 , and 10 −5 . For a given BER requirement, the received SNR with BCH coding can be expressed in terms of SNR requirement of uncoded transmission as
Combining (6) and (12), for a target BER requirement, we can express SNR for BCH-coded case, γ (BCH,Md) as
It may be noted that energy consumption reduction is achievable for positive values of coding gain (expressed in dB). This benefit is achieved along with reduction of effective data rate or with increase of band width requirement. From (8), (10) , and (13), we can express the transmission energy requirement for BCH-coded system in terms of transmission energy requirement of uncoded BPSK system as
Here, E (BCH,Md) rf represents the total transmit energy consumed by a bio-sensor node when BCH coding is employed, for a given BER requirement. The above equation shows that the energy consumption of a sensor node increases due to the overheads introduced by the error control coding and strongly depends on higher order modulation schemes. At the same time, a reduction in energy consumption is achieved as a result of coding gain provided by the error control coding scheme. Whenever this reduction in energy consumption due to coding gain outweighs the increased energy expenditure due to the transmission of overhead as well as additional energy consumption owing to the use of higher constellation size, a net benefit in terms of energy consumption is possible over the BPSK scheme. However, we need to consider the additional energy consumed for decoding the data frame. The decoding energy at the hub is the total energy required for decoding L k blocks. The energy to decode one block, E dec , is given by [16] :
where E add and E mult respectively denote the energy consumptions involved in addition and multiplication of field elements in GF(2 m ) [16] . Here, t is the error correcting capability of binary BCH code of length n and m = log 2 n + 1 . The energy consumption is
We assume the energy consumed for encoding to be negligible [16] . Hence, when BCH coding is employed, assuming successful reception of data, our goal is to minimize the quantity given below:
It may be noted that the objective function given by (17) represents the total energy consumed by the WBAN sensor node as well as the hub for successful transmission of one bit of information and is a function of the constellation size of the modulation scheme employed, and SNR required for a given BER performance, that depends on the WBAN channel model as well as the coding scheme employed. In Section 3, we find the energy consumption for various modulation schemes and for various code rates.
Results and discussions
In this section, we evaluate the energy consumed by various modulation schemes in the context of WBAN narrow band physical layer. We perform extensive Monte Carlo simulations for a WBAN with star topology in which the node transfers data directly to the hub. We assume a contention-free MAC scheme such as scheduled uplink/downlink access mechanism. We consider different propagation models: in-body and on-body (both LOS as well as non-LOS). The parameters of channel model and the electrical parameters of the transceiver chips are given in Tables 6 and 7 , respectively. First of all, we group bits into data packet of length L which is divided into blocks of k bits and (n − k) parity bits are appended to each block (i.e., n = 63, k = 51, t = 2). The encoded bits are modulated using the constellation mapping given in Tables 3, 4 , and 5. We then introduce distance-dependent path loss, lognormal shadowing, and additive white Gaussian noise into the simulations.
The following modulation schemes are considered: BPSK, DBPSK, DQPSK, D8PSK, NC2FSK, NC4FSK, NC8FSK. When we go for higher order modulation schemes, the increase in complexity is higher at the receiver than at the transmitter side since the receiver has to make more comparisons to apply the minimum distance criterion. However, we do not consider the additional energy consumed in this process. The BER is determined by transmitting as many as 5 × 10 6 blocks of 51 bits each. The BER evaluation process is then repeated 10,000 times with a different seed value for channel noise. The average BER is calculated from these 10,000 sample values. The coding gain values are evaluated for different target BER values (10 −3 , 10 −4 , 10 −5 ). In the graphs, simulation results are plotted with 95 % confidence intervals. The energy calculations are done by taking the energy consumption for uncoded NLOS at a desired BER of 10 −3 for a transmit power of −42 dB as a baseline (this corresponds to SNR value of 20.7 dB at a distance separation of 20.9 cm between node and hub when the noise power is −130 dB and for the NLOS parameters given in Table 6 ). The power amplifier efficiency and PAPR values for computing the total RF power are based on [25] . Further, the electrical parameters of Table 7 are used for computing the energy consumption of circuit electronics and power in different operating states of the node, based on Zarlink ZL70101 [26] and Nordic nRF24L01+ [27] transceivers, respectively. On-body communication takes place in the 2.4-GHz industrial, scientific, and medical band (for which we select the parameters of the 2.4-GHz transceiver nRF24L01+), which support higher data rates than in-body communication in the 402-405-MHz MICS band (for which we select the parameters of the the implantable transceiver ZL70101). The SNR loss and coding gains for different target BER values are evaluated to determine the energy consumption of various modulation schemes for the desired error performance. Figures 2, 3 , and 4 show the BER vs SNR plots for coded as well as the uncoded case for on-body NLOS, LOS, and in-body propagation models, respectively. The BER curve has been plotted until the bit error of the order of 10 −6 . The BPSK system is taken as the reference and the performance of differential modulation schemes with constellation sizes of 2, 4, and 8 specified in IEEE 802.15.6 are evaluated. The bit stream is mapped to a corresponding complex-valued sequence according Tables 3, 4 , and 5. It is observed that in-body communication has higher BER as compared to the on-body scenario, owing to the considerable path loss experienced by the in-body channel. The BER performance of on-body non-LOS communication is observed to be better than that of on-body LOS model owing to higher shadow fading standard deviation experienced by the on-body LOS propagation model. It may be noted that DBPSK, DQPSK, and D8PSK modulation schemes require higher SNR for a desired BER performance as compared to BPSK. This difference in SNR requirement has been defined as SNR loss in Section 2. Further, the use of BCH coding reduces the required SNR for a target BER performance and the corresponding SNR gain is defined as coding gain in Section 2. The values for SNR loss and coding gain are summarized in Tables 8 and 9 respectively for various propagation models and various values of target BER. From Table 8 , the SNR loss is observed to be higher for the higher order modulation schemes. This is because as given in Tables 3, 4 , and 5, the symbols are closer to each other for the higher order modulation schemes compared to lower order modulation schemes and higher transmit power is required for the higher order modulation schemes to achieve a desired error performance. Further, maximum SNR loss is observed for the in-body channel model. Table 9 summarizes the coding gain values determined for the different channel models and for different BER values (10 −3 , 10 −4 , 10 −5 ). Recall that the IEEE 802.15.6 standard specifies the use of BCH (63,51,2) code and the use of DBPSK, DQPSK, and D8PSK modulation schemes for data transmission at different rates in the NB PHY [5] . The coding gain is highest for BPSK scheme compared to the differential modulation schemes. Among the differential schemes, it is observed that the coding gain achievable is maximum if D8PSK modulation is employed.
Next, we plot the transmission time required for the different modulation schemes based on the narrow band physical layer parameters. The transmission time is evaluated for the case when a data packet of size 1000 bits is transferred from the node to the hub. Figure 5 shows the time required for the uncoded as well the coded cases for on-body NLOS communication and in-body communication scenarios. The use of higher order modulation schemes reduces the transmission time considerably. The in-body communication operates at a lower bit rate; whereas the on-body communication takes place at a higher bit rate [5] . Thus, on-body communication has a lower transmission time. The in-body communication has a transmission time of 7.5 ms when BCH coding(63,51) specified in IEEE802.15.6 and DBPSK modulation scheme is used. The transmission time reduces to 3.1 ms for D8PSK scheme, and The italicized data specifies the coding gain Figures 6 and 7 show the total energy consumption per bit for the different modulation schemes for target BER of 10 −4 and 10 −5 , respectively. It is observed that the total energy consumption for higher order modulation schemes specified in the standard, i.e., DQPSK and D8PSK, are lower. This can be explained as follows: when higher order modulation schemes are used, the transmission time given by (4) and (9) is reduced by a factor log 2 M. This reduces the circuit energy consumption at the transmitter as well as at the receiver. The presence of coding gain reduces the RF power requirement as given by (14) . As the order of modulation scheme is increased, the reduction of transmission time has dominant effect causing higher order modulation schemes to exhibit lower energy consumption as compared to that incurred when lower order modulation schemes are used. However, it may be noted that as the constellation size increases, the complexity of the modulation and demodulation algorithms at the nodes increases. Figure 8 shows the total energy consumption per bit when different code rates (k/n) are used for BCH encoding. We consider BCH codes with different specifications, i.e., BCH (127, 43, 14) , BCH (127,64,10), BCH (63,39,4), BCH (63,45,3), and BCH (63,51,2) [28] . It is observed that for all the code rates considered, higher order modulation results in lower power consumption. The coding gain determined for different code rates for NLOS channel model for a desired error rate of 10 −4 is summarized in Table 10 . Results show that, for a given BER, when the code rate (k/n) increases, the coding gain reduces. Further, from Table 10 , it is observed that for Modulation scheme Total energy consumption per bit (J) n=63, k=51, t=2 n=63, k=45, t=3 n=63, k=39, t=4 n=127, k=64, t=10 n=127, k=43, t=14 The italicized data specifies the coding gain a desired error performance at a given code rate, the coding gain is maximum for higher order modulation scheme. Figure 9 shows the error performance of uncoded NC-MFSK and uncoded differential MPSK schemes for values of M = 4 and M = 8, for on-body LOS channel model. We also plot the error performance of uncoded BPSK as well, which is considered as the baseline modulation in this paper. It is observed that the performance of differential MPSK modulation scheme degrades as the value of M increases. For a desired error rate of 10 −3 , DQPSK and D8PSK require additional 2.05 and 6.02 dB respectively over the uncoded BPSK scheme. Whereas the NC-MFSK scheme requires 9.5 and 12.8 dB less than that required for BPSK for the same error performance. Hence, the transmission power required for NC-MFSK for a desired error rate is lower compared to all the modulation schemes specified in IEEE 802.15.6. Figure 10 shows the total energy consumption per bit of uncoded NC-MFSK and uncoded differential MPSK schemes for different constellation sizes for on-body NLOS channel model model for a desired BER of 10 −4 . Owing to the lower transmission power requirement of NC-MFSK scheme, the total energy consumption is lower compared to the differential MPSK schemes.
Next, we consider the impact of modulation scheme on reliable hop distance. Figure 11 shows the reliability (expressed in terms of packet acceptance rate:PAR) vs hop distance for NLOS channel model for uncoded transmission. Here, we fix the transmit power and vary the node-to-hub hop length. It is observed that the hop distance for reliable communication is reduced when higher order differential MPSK modulation schemes are used. For example, when D8PSK modulation is employed, for a PAR of 90 %, the reliable hop distance is reduced by approximately 3 cm compared to the lower order differential modulation schemes. Hence, the higher order modulation scheme requires higher transmit power for a desired error performance. As mentioned earlier, this increase in power consumption is offset by the reduced transmission time. However, when NC-MFSK modulation schemes are employed, we observe significant improvement in reliable hop distance. The NC-MFSK modulation with values M=2, 4 and 8 extends the reliable hop distance by 6 cm, 10 cm and 12 cm respectively over the BPSK scheme. Next, we present additional results for the coded NC-MFSK sheme. Figures 12, 13 , and 14 show the BER vs SNR plots for the on-body LOS, on-body NLOS, and the in-body communications, respectively. It is observed that the NC-8FSK scheme performs significantly better than NC-4FSK scheme in terms of BER. A comparison of the constellations of M-ary orthogonal schemes such as 8FSK and 4FSK reveals that the distance between message points of 8FSK is larger than the distance between message points of 4FSK, for a given peak transmission power. Accordingly in the AWGN channel, 8FSK outperforms 4FSK in terms of BER. Figures 15 and 16 respectively show the transmit energy requirements for NC-MFSK and Mary differential PSK schemes for meeting a target BER criterion of 10 −4 . Results show that NC-8FSK has the minimum transmit energy requirement among all the four schemes considered. Figure 17 compares the total energy consumption per bit of differential MPSK scheme and NC-MFSK with BCH coding. The results establish that the NC-MFSK outperforms differential MPSK in terms of total energy requirement. Figure 18 shows the improvement in reliable hop distance for the coded and uncoded NC-MFSK scheme. In-body communication scenario is considered. The results establish that PAR is higher for coded NC-MFSK scheme. This leads to reliable hopdistance extention.
Conclusions
In this paper, we investigated the performance of various modulation schemes specified in the IEEE 802.15.6 WBAN standard in terms of energy consumed by the node for successfully transferring a packet to the hub. An analytical model was presented to compute the energy consumed. The error rate performance of various modulation schemes were also evaluated. Our results showed that, when higher order differential schemes specified by IEEE 802.15.6 are employed in WBAN, the total energy consumption involved in successful transmission of a packet is reduced significantly. The total energy consumption remains lower for higher order modulation schemes even when BCH codes with various code rate specifications are employed. We also establish that use of non-coherent MFSK as an alternate modulation scheme can further reduce the energy consumption.
